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Abstract 
This thesis deals with the abdominal aortic aneurysms and possibility of using finite element 
method in order to assess their rupture risk. 
First part of the thesis contains the analysis of current clinical criterions which determine 
rupture risk of abdominal aortic aneurysm compared with the new maximum stress criterion 
which is currently in development. 
Main part of the thesis deals with the identification of relevant factors which affect stress and 
deformation of aneurysmal wall. This is connected with proposals of new approaches leading 
to predict the rupture risk more accurately by using finite element stress-strain analysis.  
The impact of geometry is analyzed first with conclusion that patient-specific geometry is 
crucial input in computational model. Therefore the routine reconstruction of it has been 
managed. The attention is then paid to the branching arteries which were neglected so far 
although they cause a stress concentration in arterial wall. The necessity of knowing the 
unloaded geometry of aneurysm is then emphasized. Therefore a macro has been written in 
order to be able to find the unloaded geometry for any patient-specific geometry of aneurysm. 
Mechanical properties of both aneurysmal wall and intraluminal thrombus were also 
experimentally tested and their results were fitted by an isotropic material model. The effect 
of material model itself has been also investigated by comparing whole stress fields of several 
aneurysms. It has been shown that different models predict completely different stresses due 
to different stress gradients in the aneurysmal wall. It is also emphasized the necessity of 
known collagen fiber distribution in arterial wall. A special program is then presented in order 
to obtain this information. 
Effect of intraluminal thrombus on computed wall stress is analyzed in two perspectives. First 
the effect of its failure on wall stress is shown and also the impact of its poroelastic structure 
is analyzed. 
Finally the residual stresses we identified as an important factor influencing computed wall 
stress in aneurysmal wall and it was included into patient-specific finite element analysis of 
aneurysms. 
Further possible region of investigation are mentioned as a last part of the thesis. 
 
Key words: Abdominal aortic aneurysm, finite element method,ruptury risk 
assessment, aneurysmal wall stress. 
Klíčová slova: Aneurysma abdominální aorty, metoda konečných prvků, riziko 
ruptury, napětí ve stěně aneurysmatu. 
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1 Introduction 
Abdominal aortic aneurysm (AAA) is a life threatening disease. Its prevalence is 3-7% in 
population above 65 years
1. 
Patient usually does not have any symptoms until AAA ruptures. 
Then a massive internal bleeding follows and patients die before help can be provided in 
       . 
From this point of view one could say that any diagnosed AAA should be operated. However 
not everyone is suitable for surgery. People above 65 can have many contraindications so it is 
risky even put them into a sleep. Operating mortality is here between 3-5%. Also it is 
important to point out that by far not every AAA ruptures. Therefore it has been done a lot in 
order to determine which AAA will rupture. Several criteria have been developed over the 
time for this purpose. Determination of potentially dangerous AAAs by finite element 
analysis gives the best results so far. However there are still many issues which must be 
solved to improve its predictive capability. 
1.1 Goals of the thesis 
a) Perform a literature review about anatomy, histology and pathology of human aorta 
(not included in short version of Ph.D. Thesis) 
b) Perform a literature review about known entities which influence wall stress and wall 
strength in AAA. 
c) Investigate the influence of intraluminal thrombus on wall stress 
d) Manage to routinely create patient specific geometry of AAA 
e) Investigate the influence of residual stresses and prestresing on wall stress of AAA. 
f) Investigate the structure of aneurysmal wall in order to answer question if it is 
necessary to use anisotropic material models. 
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2  Definition of aneurysm 
AAA is 50% dilatation of infrarenal abdominal aorta compared to diameter of suprarenal 
abdominal aorta. This definition is sufficient for this thesis and according to experience of the 
author it covers all AAAs with respect to individual variations in diameter of abdominal aorta. 
3 AAA 
AAA is a life threatening disease. Its prevalence is 3-7% in population above 65 years
1
. AAA 
usually ends at iliac bifurcation however it is not rare to see AAA which continues under 
bifurcation along iliac arteries see Figure 1.  
 
Figure 1 3D visualization of AAA from St. Anne’s Hospital. You can see aorta and other arteries (beige) and both kidneys 
(orange to red). AAA starts some 5cm below the renal arteries where diameter of aorta is expanding and it continues across 
the bifurcation so both iliac arteries are expanded up to 5cm below bifurcation. 
Patient usually does not exhibit any symptoms. However, it brings a great risk because when 
an AAA ruptures, a massive internal bleeding follows and in         the patient dies 
before help can be provided. Although such a percentage of mortality is very high, one would 
wonder why all of patients don’t die when AAA rupture occurs. It is crucial where the rupture 
occurs. 82% of AAA rupture into retroperitoneum
34
 which can sustain the pressure of blood 
for a while which gives surgeons a precious time to safe the patient. However when the 
retroperitoneum ruptures as well, or the AAA ruptures directly into the abdominal cavity, then 
there is no other obstacle to stop the blood (except for ILT in some cases) and the patient 
hemorrhages to death. 
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From this point of view it seems to be reasonable that any diagnosed AAA should be 
operated. However not everyone is suitable for surgery. People above 65 can have many 
contraindications so it is risky even put them into a sleep. Operating mortality is here between 
3-5%. 
Another factor the surgeon must take into account is an estimation of the patient’s lifetime 
and prediction of his quality of life. Recovering from the surgery can be very long and hard 
and the quality of the patient’s life is very low during this period. 
Also it is important to point out that by far not every AAA ruptures. It has been shown when 
the criterion for surgery was estimated that 90÷95%11 of AAA ruptures when its diameter 
exceeds 5,5cm. However during one year only 10%
11
 of AAAs smaller than 7cm ruptures and 
there are some cases when the surgery was not possible and the patient still survived although 
he had an AAA of 90mm in diameter and then he passed away by a completely unrelated 
disease. For more detail see chapter 5.1. 
Last but also important factor to consider is the financial point of view. Planned surgery costs 
15k EUR while emergent surgery costs up to 50k EUR. So if we know which AAA are going 
to rupture we could safe great amount of money, because we would plan surgery for the risky 
ones and just monitor the rest of them. 
Because of all this reasons many researchers and clinicians have been working to find a 
reliable criterion how to find out which AAA is going to rupture.  
4 Biomechanics of aneurysmal wall 
From mechanical point of view, aneurysmal wall behavior shows significant differences 
compared to healthy aortic wall. 
4.1 Stress-strain curves 
There is always biaxial stress state in AAA wall and due to the heterogeneous and fibrous 
structure of arterial wall it is more appropriate to compare its behavior obtained under biaxial 
testing. From biaxial testing of both AAA and normal aortic wall (AA) is obvious that 
aneurysmal wall behaves stiffer
5,35
 which can be explained by the fact that unlike AA tissue 
where most of collagen remains slack under physiological conditions, most of collagen in 
AAA tissue is straightened and carry the 
4
. 
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Figure 2 Comparison of biaxial behavior of normal abdominal aorta (AA) and AAA. Reprint from 29 
4.2 Strength of AAA wall 
Strength of AAA can be measured only in uniaxial tension so far. It has been shown that the 
strength decreases by up to 50% in AAA compared to AA
3
. Xiong et al. reported tensile 
strength of AAA to be 0,93±0,25MPa8 Because stress is generally expressed as following: 
  
 
   
, 
where F is a force , a is width of the sample and t is a wall thickness, one can easily conclude 
that a wall with the same thickness contains less elastin and collagen fibers to carry the load 
and therefore the peak carried force and consequently peak wall stress before rupture (i.e. 
strength) is lower in AAA tissue. Measured AAA wall strength was (0,82±0,09 MPa)6. 
5 Prediction of AAA rupture 
It is known that some AAA ruptures while another does not and, many researchers try to find 
a reliable criterion to predict which AAA is in greater risk of rupture. This Chapter describes a 
maximal diameter criterion with mentioning its advantages and disadvantages. 
5.1 Maximal diameter criterion 
This is still a widely spread criterion. It is based on the empirical observation that bigger AAA 
ruptures more often than smaller ones. Figure 3 shows the probability of survival as a function 
of time and speed of AAA growth. 
Advantages of using this criterion are: 
 Simplicity. Any radiologist is capable of measuring diameter of AAA from CT scans. 
 It is validated on large pool of patients by many researchers. 
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Figure 3 Life prediction for patient with 4cm AAA for different growth rates compared to the operational mortality. Curves 
fitted to available data9,10,11,12 
Disadvantages of using this criterion are: 
 Inefficiency. Only 10 % of AAAs smaller than 7cm ruptures annually11. Figure 3 
respects the increasing risk of rupture during development of AAA but it also shows 
that only some 20% of AAAs rupture during growth from 5.5cm to 6.5cm. It means 
80% of patients are operated unnecessarily during this time period and their surgery 
could be postponed on the basis of a more reliable criterion. 
 Consequently it is very expensive for health care system and it also costs lost of 
doctors work hours which they could spend more valuably. 
 It is a general criterion. It does not respect the patient’s individuality although every 
patient has its own life and genetic history which determines mechanical properties of 
his arterial wall and therefore it influences his rupture risk index as well. 
The described disadvantages led to proposing new criterions. 
6 Wall stress in AAA as a predictor of rupture 
From mechanical point of view AAA is just a pressure vessel. Stress in its wall depends on its 
geometry and that of the other supporting organs, pressure by which it is loaded and the 
material it is made of. Pressure vessel will rupture when stress exceeds its strength. By 
principle the same approach can be applied on the AAA. Maximal diameter criterion actually 
reflects the wall stress approach to some extend because it is based on the Laplace Law: 
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,      (1) 
where     denotes meridian stress,    meridian radius,    tangential stress,    tangential 
radius,   pressure and   thickness. Early clinical works used simplified version of eq. (1) 
which is valid for first principal stress of ideal cylinder only: 
  
   
  
      (2) 
Eq. (2) says that the stress increases proportionally to the corresponding radius. Therefore 
larger AAAs are more endangered by rupture than smaller ones. However this approach is not 
very reliable. It is because the resulting stress depends on the blood pressure and wall 
thickness as well, and, moreover, This law is valid only for vessel with approx. constant 
thickness, constant radius, constant wall stiffness and supports not constraining radial 
displacements. None of these assumptions is valid for AAA. Consequently also the accuracy 
of the maximal diameter criterion is limited as described in 5.1. 
On the other hand validity of eq. (1) is general since it describes the force equilibrium so it 
defines the mean membrane stresses in the wall in any geometry. However when curvatures 
of geometry are changing spatially (as they do in AAA) stresses cannot be computed 
analytically and some numerical approach is required. The whole problem of using eq. (1) is 
discussed in 7.2.1. 
So to improve the criterion for the necessity of surgery, we need to calculate wall stress in 
AAA more accurately. Finite element method (FEM) is suitable for this task. It has been 
shown that wall stress correlates better with rupture (currently it is 2÷3times better than 
maximal diameter criterion) than any other known criterion
13
.  
Thanks to the encouraging results
13
,
36
, the current effort is focused on identifying relevant 
entities which influence wall stress and strength in AAA to make this criterion even more 
reliable. The further part of the thesis will be focused on a review of such entities which are 
thought to influence wall stress and strength as well as on our works in this field. 
7 Entities influencing wall stress in FEA of AAA 
7.1 Geometry of AAA 
It has been shown that idealized models of AAAs cannot predict the risk of rupture 
accurately. Therefore patient specific geometries of AAAs are reconstructed now. Some 
studies try to find statistical correlations between peak wall stress and the shape of geometry
33
 
but I think that FEA of patient specific AAA geometry can provide more reliable results. 
However there was great deficit at our department in this field when I started my Ph.D. since 
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we were unable to routinely reconstruct patient-specific geometries of AAA. Therefore I have 
focused on that problem in order to manage reconstruction of patient-specific geometries. I 
have passed an internship at Royal Institute of Technology, Stockholm, Sweden in a team of 
prof. Gasser where I have learned to use a A4research program (A4research vers.3.0, 
VASCOPS GmbH, Austria). This program was designed specially to reconstruct patient-
specific geometry of AAA
63
. 
 
Figure 4 A4Research Interface and AAA reconstruction 
The reconstructed geometry and the user interface of described program is shown in Figure 4. 
We are able to reconstruct a patient-specific geometry in hour or so which greatly improved 
all of our studies because wall stress resulted from AAA being loaded by a mean blood 
pressure depends mostly on the geometry (see Authors publications VII)  
7.1.1 Effect of the branch arteries on the wall stress in AAA. 
There is 6 lumbal arteries and mesenterica inferior which origin at the area of abdominal aorta  
where AAA occurs. I see potential in examining the role of branch arteries on wall stress 
because nobody considers this influence till now. It has been reported that some 80% of 
AAAs rupture in the lateral or posterolateral area
34,67
. Although it has been suggested that it 
may be caused by a structural heterogenity of aneurysmal wall
66
 I believe that branch arteries 
may play role in it too. From mechanical point of view it is obvious that any hole acts as a 
stress concentrator. On the other hand, it is possible that the wall is greatly reinforced by 
collagen fibers in the area of origins of branch arteries. One way or another, the author 
believes that this topic should be opened for discussion. Therefore we have investigated this 
topic by FEA of 5 AAAs (see Authors publications VII). It was confirmed that their presence 
increase wall stress as expected. However this results need to be combined with the 
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histological information about the collagen structure in the region of aorta when branch artery 
starts. such study is currently in progesss in cooperation with team of prof. Hermanova from 
Department of Anatomy and Pathology of St. Anne’s University hospital and team of prof. 
Staffa from 2
nd
 surgical department of St. Anne’s University hospital. 
 
7.2 Material model 
Early FEA used linear material model
17
 and there is a group of researchers who still use linear 
material model to obtain realistic deformations of AAA during cardiac cycle
18,23
. It is based 
on observation that during cardiac cycle AAA deformations can be described with a sufficient 
accuracy by linear material model with E=5.5÷12.9MPa24. Although such a model has its 
limitation it is very simple and mean stress field is obtained very quickly. Therefore one 
cannot say that linear material model gives wrong results (see Authors publications VII). 
There are two still opened questions which we tried to answer: 
1) How important is the material model in calculation of the wall stress in AAA? 
2) Is it possible to describe the aneurysmal tissue sufficiently by isotropic material model 
or is it necessary to use anisotropic model? 
7.2.1 Effect of the material model on the wall stress in AAA 
We tried to answer first question in our study (see Authors publications VII) which is 
currently under revision in the Medical Engineering & Physics journal. Briefly, we took 
geometry of AAA from seven patients who underwent surgical repair of AAA and 
reconstructed the geometry. We also obtained tissue sample from removed AAA which we 
tested biaxially within 3 hours. Results have been fitted by the isotropic Yeoh type model and 
it served as a reference material model for each geometry. We chose other material models 
based on mean population data from three different studies to investigate the effect of material 
model on the computed wall stress in AAA. We also used prestressing (for more detail see 
chapter 7.5) to ensure that the deformed geometry will always be same regardless used 
material model. 
We showed that model based on vande Geest data
5
 (biaxial tests) gave practically the same 
results as our patient-specific models but they differ significantly from results obtained from 
Raghavan data
16
 (uniaxial tests) and van’t Veer data38 (linear model). However the whole 
problem is little bit more complicated. 
Problem is that LaPlace law as described in eq. (1) is a force equilibrium equation which is 
valid in any geometry and it is independent on material which is apparent contradiction with 
our results. We demonstrated this problem on simple cylindrical geometry where stresses on 
the inner and outer surface of the wall are plotted for different diameters of the cylinder and 
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different material models. It is obvious that although stresses on surfaces vary significantly 
from model to model, their mean value always satisfy the LaPlace law and they are 
independent on material model. We concluded that highly non-linear material models produce 
also high stress gradient across the wall despite its relatively small thickness. Therefore it is 
meaningless to compare stresses in the individual nodes as a measurement of impact of 
material model on the computed wall stress as many researchers do
40-44
 because then you 
compare values heavily loaded by an error cause by the presence of stress gradient which is 
not physiological.  
7.2.2 Isotropic vs. anisotropic material models 
Comparison of isotropic and anisotropic models has been performed in several studies
40,42,43
. 
All provided the same conclusion that anisotropic models give higher stresses. However all 
these studies compared stresses at the surfaces which are not relevant as we showed in 
previous chapter. We believe that key to answer the question whether it is necessary to use 
anisotropic material model in order to accurately predict wall stress in AAA (under elevated 
pressure) is in the microstructure of aneurysmal wall. 
Although collagen fiber orientation in the arterial wall has been investigated largely, see for 
instance these studies
45,46,47
, there is very few studies which would investigate collagen fiber 
distribution in the aneurysmal wall
37
. Therefore we have focused on this problem and 
proposed a automatic image processing method 
 
Figure 5 Collagen fibers in the aneurysmal wall. Stained by van Gieson. Magnification 20x. Please note that 
individual collagen fibers are 2-10μm in diameter 
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7.2.2.1 Fast Fourier transformation and image processing 
I would like to stress out that this work is still in progress therefore I cannot refer to any 
submitted paper. Consequently this chapter will be more extensive because it is necessary to 
describe lot of information. 
We have based our method on the fast Fourier tranformation (FFT) of the image because it 
has been shown that it is a reliable and fully automated technique when it comes to determine 
a dominant directions in the image
48-52
. Moreover it has been already applied in qualitative 
analysis of collagen orientation
49,50
. We find it more general than and easier to program than 
other methods based on the gradient analysis of images (desired object has to have defined 
intensity to be detected, then ellipse with the same inertia is fitted into detected object. Longer 
axis defines the orientation of the object)
53,54
. Method based on valleys and ridges detection 
we found complicated to program
55
. 
Method description: 
Proposed method is based on the image analysis. Principle is adopted from study by Ayres et. 
al.
50
 Programing was done with cooperation with prof. Druckmuller and Ing. Druckmullerova 
from Department of Mathematics at our university. First the image is loaded and 2D fast 
Fourier transformation is performed: 
       
 
  
  
 
  
    
          
 
     
             
 
         
 
     
      (9) 
where        is the image filtered by Hanning window function.  
 
Figure 6 Original image of collagen (purple and pink) in human AAA (left) and image after filtering by Hanning window 
function (right). Magnification 20x, staining van Gieson. 
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Now we need to Sum the intensity of pixels of filtered image over individual directions. 
Therefore the image is divided into 180 sectors, each 1° wide with the corner in the center of 
the image and all intensity of all pixels which lay inside this sector is summed. Finally result 
is normalized so we obtain a distribution function of the dominant direction in the analyzed 
image. Final graph can be seen in Figure 7. X axis represents angles where 0 refers to the 
right horizontal direction while Y axis represents the probability that fiber will be in the given 
direction. 
 
Figure 7 Distribution of collagen fibers in the analyzed image 
As you can see when comparing Figure 6 with Figure 7 there is qualitative agreement in the 
dominant directions. What remains unclear is the quantitative comparison. It has been pointed 
out that there is a significant influence of background signal in FFT
56
. Although its effect is 
overestimated in referred study because it is evaluated on artificial and periodical image it 
plays an important role in analysis of real tissue images too. Consequently it underlines the 
necessity of further filtering. 
As a filter we proposed a power function which is applied on obtained FFT spectrum. : 
                     
  
        (11) 
where p is a unknown power which is about to be determined. We exploited here the property 
of a power which is that it enhances high values and suppresses low values. Higher power 
suppressed the noise more but of course there is an upper limit for p as well. If we increase p 
too much it would suppress also the less dominant direction of lines which we want to 
capture. Therefore an optimal p must be determined. 
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Determination of proper power: 
It is obvious that proper value of p will differ from application to application. Therefore I 
have determined it directly on investigated samples of aneurysmal tissue stained by van 
Gieson. The first part of the process is captured in Figure 8. First I took an image of a ROI 
under magnification of 20x and resolution of 2592x1944 pixels (Figure 8 (a)). Then the same 
area was captured again but this time with magnification of 500x and resolution of 1280x960 
pixels which resulted in 625 images covering the same area (example Figure 8 (b)). All 
images was taken by standard light optical microscope Bresser Researcher Trino II and 
Bresser microcam 9Mpix (Bresser GmbH, Germany). 
Each of these images was then analyzed by algorithm described above to obtain Graph in 
Figure 8 (c)). Angle with maximal probability of presence was stored. 
 
Figure 8 Image analysis process. Analyzed area is captured with magnification 20x (a). Then 500 images  is captured with 
magnification 500x (b) which alltogether covers the same area as image (a). For each image (b) is then FFT performed and 
probability distribution graph is obtained (c). Angle with maximal probability is then stored and next image is analyzed 
Obtained histogram is then normalized (Sum over all angles equals to 1). Last step is to 
analyze the image captured with magnification of 20x and find the value of power p which 
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will result in best fit of both curves together. The histogram and best fit curve is shown in 
Figure 9. Obtained power value was p=8 and resulted R
2
=0.73 which is not bad but it could 
be better. 
First way of increasing the R
2
 value would be some floating averaging of the data or 
decreasing the step size from 1° to 5° or so. It is obvious that data obtained from analysis of 
625images are not smooth which may be caused by the assumption expecting uniform 
orientation across the image. As I pointed out at the beginning of this chapter, this work is still 
in progress. 
 
Figure 9 Best fit of distribution obtained without powering by analyzing 625images (dashed line) and by analyse of 1 image 
with powering (solid line) 
 
Comparison with PLM: 
To validate our algorithm we also need to compare the results with some established methos 
such as PLM. To do that we cooperate with Dr. Gasser and Caroline Forsell at KTH 
Stockholm where there is a stand for PLM. There they measured 5 images and they measured 
collagen orientation on 5 specimens at 200points per specimen. Then the specimen was 
captured and the image was analyzed by our algorithm. Results are shown in Figure 10 and 
Table 1 (estimated power value was p=20 in this case).  
0
0,005
0,01
0,015
0,02
0,025
0,03
0,035
0 20 40 60 80 100 120 140 160 180
625 Images 
analyzed
1 Image with 
powering
S.Polzer. Stress-strain analysis of aortic aneurysms. Ph.D.Thesis 
18 
 
 
Figure 10 Comparison of distribution of fibers of image 1 (magnification 50x, staining Picrosirius red) according to the 
proposed method and PLM measurement 
image  mode 
[°] 
Sum of square differences R^2 
1 PLM 82   
proposed method 92 2.69E-03 0.89 
2 PLM 74   
proposed method 78 1.34E-02 0.72 
3 PLM 88   
proposed method 88 3.46E-03 0.75 
4 PLM 88   
proposed method 92 3.10E-02 0.65 
5 PLM 88   
proposed method 90 5.00E-03 0.82 
Table 1 Statistical comparison of polarized light microscopy (PLM) and proposed method 
There is both qualitative and quantitative agreement between both methods. Differences are 
given by a noise on the side of our method and by a fact that not all fibers were measured by 
PLM. However we can say that both methods gives quantitatively same results which means 
that time consuming PLM can be replaced by automated method based on FFT. 
Study design: 
Because proposed method has a potential to replace PLM we have designed a study in 
cooperation with dr. Tichy from Department of Anatomy and Pathology St. Anne’s 
University hospital under supervision of prof. Hermanova to determine a collagen fiber 
distribution in AAA. Team of prof. Hermanova is about to prepare histological specimens 
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from aneurysmal wall tissue harvested during AAA elective repair in 2
nd
 Department of 
Surgery, St. Anne's University Hospital by surgeons under supervision of prof. Staffa. Those 
specimens (n=15) were first tested biaxially as described in 7.2.3. Then they were kept frozen 
in -18°C until the study was performed. Specimens 18x18mm were put for 24 hours into 
formaldehyde after slow thawing. Each specimen was then cut in three perpendicular 
directions, so there is 7 samples in each direction. After all there will be 105 samples in each 
direction. 
Once the samples are cut they are stained by van Gieson (detailed description not mentioned 
here) to make a collagen fibers visible. Last step will be analyze of all 315 samples by our 
algorithm to provide comprehensive data about dominant fiber alignment and its dispersion in 
3D which can help us to answer the question how much anisotropy left in the aneurysmal 
tissue. 
 
7.2.3 Biaxial tensile tests of AAA tissue 
Biaxial tensile test is currently the best method for identifying of mechanical behavior of soft 
tissues
57
. However there are only two studies using biaxial tensile tests to identify the 
mechanical properties of aneurysmal tissue
5,35
 (it was only one at the time I started my Ph.D.) 
Therefore we have focused on this topic as well with two major goals. First was to confirm 
published results and second to compare capabilities of both isotropic and anisotropic material 
models in capturing the mechanical behavior of the aneurysmal tissue. 
Experimental testing: 
Our experimental device and its capabilities are extensively described elsewhere
58
. Therefore 
I will only briefly describe changes made since 2009. First we have changed the mounting 
system. Clamps are now clenched by a spring instead of screw which makes the sample 
clamping process much faster. More important was a change in the lever beam system which 
has been redesigned in order to be possible to mount smaller samples up to 18x18mm. This 
was necessary due to the fact that samples harvested from elective surgery are usually similar 
size and was not realistic to expect larger samples. We have also changed strain gauges for 
more accurate from HBM (HBM, Germany). Last change was the camera which was changed 
for faster Basler SCA 1300-32gm (Basler AG, Germany). 
With this set up we have started our testing. Quasi-static experiments are described in detail in 
Authors publications VII.  
We have started to harvest data in the February 2011 due to cooperation with 2
nd
 Department 
of Surgery, St. Anne's University Hospital by surgeons under supervision of prof. Staffa. This 
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was also approved by local ethical committee. So far we have collected data from 21 patients 
which generally agree with the published data (see Figure 3 in Authors publications VII)  
7.3 Intraluminal thrombus 
So far we have focused on the aneurysmal wall only. However the wall stress is also affected 
by the ILT although, there are still some contradictory evidences of it. Numerical studies 
show that the presence of ILT decreases the wall stress significantly
14,17,26
,
44
. On the other 
hand experimental studies showed that blood pressure is almost entirely transmitted onto the 
wall
15,25
 due to the ILT´s porous structure. Some researchers concluded therefore that ILT 
cannot decrease the wall stress and they do not include it in their models
18,23
. Finally, 
Thubrikar et al.
27
 experimentally showed that the deformation of AAA increase significantly 
when ILT is removed (This experiment was later repeated artificially
69
) and suggest that ILT 
can help to carry the load because it is a net of ropes connected to the wall. Such a structure 
supports the wall although it does not decrease the blood pressure. We confirmed those 
observations by numerical simulations where we used a poroelastic material model for ILT 
(see Authors publications II and III). Although we used only linear poroelastic model under 
finite deformations instead of porohyperelastic formulation
59
, our results were similar to those 
used porohyperelastic material model
60
 and demonstrated that ILT can decrease wall stress 
significantly although the blood pressure is transmitted through. Such conclusion nicely 
integrates results of both experimental
15,25
 and numerical studies. Moreover we have shown 
that the computed wall stress is the same as when much more time efficient single phase 
model is used which back validate so far published numerical studies
14,17,26
,
44
 and justifies 
further using of single phase models for ILT when AAA wall stress is computed. For more 
detail see Authors publications II 
 
7.3.1 ILT rupture 
Next question which we asked was what happens when ILT ruptures. It was observed 
occasionally on CT scans where crescent-like ruptures are shown
31,32
. There are some indicia 
that ILT rupture is somehow connected with wall rupture
7,30
. Therefore we have decided to 
perform FEA of patient specific AAAs to see how the ILT rupture influences the wall stress. 
We showed that although ILT rupture does not increase peak wall stress it can even double 
the wall stress locally which might trigger the AAA rupture when it is located close to the 
wall. For more details see Authors publications I. 
7.4 Residual strains and stresses 
Residual stresses (RS) are present in any artery. They can be observed when an artery is cut 
longitudinally and they cause opening of the artery, which is a proof that there were some 
residual strains in the artery even when no pressure was applied. RS are thought to be 
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dominantly (but not exclusively-results are not unambiguous here
64,65
) determined by an 
elastin
64
. RS are known for at least 40years now
61
. They are caused by cells which work 
actively to keep themselves under constant strains
62
 or stress conditions. This hypothesis 
states that vascular tissue remodels towards a preferred stress-strain state, which in turn leads 
to homogenization of the wall stress across the thickness. The uniform stress hypothesis is 
closely related to the uniform strain hypothesis
39
 that assumes that the strain across the wall is 
maintained constant during wall remodeling. Presence of residual strains influence wall stress 
substantially when the artery is loaded by a blood pressure, therefore it should be included in 
the numerical models (for detail description see Authors publications IV and VIII). We have 
proposed different approach. 
 
7.4.1 Inducing RS by through deformation gradient tensor 
This approach is described in great detail in Authors publications VIII. Briefly we have 
exploited the thermal-structural FEA in the Ansys because it uses the same principle. It is in 
the splitting of deformation gradient tensor into two parts: elastic and growth. We store the 
growth strain needed for removing present stress gradient in the growth part of the 
deformation gradient tensor. Practically it is done by defining couples of nodes where one 
node at the inner surface has just one mate at the outer surface. Then the same strain is 
prescribed on both nodes except for a sign. This ensures that only bending stress and not 
membrane stress is induced. RS distribution is similar to previous approach but the RS are 
changing continuously across the wall here. Also it is easy to define a growth strain for each 
node separately which allows us to remove the gradient from the whole geometry. Currently it 
is not possible to remove stress gradients completely but we are able to decrease it by a 10-
fold (see Authors publications VIII). Moreover a mesh needed for accurate FEA of AAA can 
be much coarser when RS is included as shown in Figure 11. Without RS the acceptable mesh 
size was 0.8mm due to high stress gradients across the wall thickness. On the other hand mesh 
can be much coarser when RS was included (for this case up to 2.5mm) and it still captures 
wall stress accurately. In other words it means that including RS into FEA of AAA will not 
extend the analyzing time because the necessity of 5 to 10 FE loops is balanced by much 
coarser mesh that can be used.  
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Figure 11 Comparison of computed von Mises wall stresses with respect to RS and mesh size. AAA of patient 2 without RS 
with fine mesh (left). Same AAA with including RS (middle) and with RS included and coarser mesh used (right). Practically 
same results are obtained even for both mesh size 0.8mm (middle) and 2.5mm (right). 
As I mentioned in 7.2.1 and Authors publications VII the including of RS is a crucial when 
nonlinear material models are planned to use. 
 
7.5 Prestressing  
Any CT scan shows an AAA which is already loaded by a blood pressure. So a geometry 
reconstructed from CT scans cannot by stress free. However, FEA needs an unloaded 
geometry as an input. Up to 2006 this fact was ignored and geometry obtained from CT scans 
was assumed to be stress free. To solve this problem, generally two different approaches can 
be used. 
The first approach is based on using of inverse deformation gradient tensor
19,20,21,22
,
68
 into two 
parts. This approach cannot be used in commercially available software because it requires 
redefining of the FE code which is not allowed in most available FE packages. 
Second approach was proposed by Putter et al.
28,29
 He called it backward incremental method. 
Its principle is very simple. Geometry is loaded by a pressure and the obtained displacements 
are then subtracted from the node position for each node of the original geometry. In case of 
linear material this is sufficient to obtain the unloaded geometry. In case of nonlinear material 
and finite deformations this leads to an iterative algorithm. Its advantage is its applicability to 
commercial FE software
29
. Its major disadvantage is non uniqueness of the obtained 
solution
22
.We adapted this method and propose some minor changes to make it more resistant 
against divergence and destruction of FE mesh. For more details see Authors publications V. 
Once we have managed this approach we apply it routinely as an integral part of our FEA (see 
Authors publications VII). 
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8 Future work 
I have described all subjects we have focused on during my Ph.D. in order to make AAA 
rupture risk assessment more reliable. However there is still a lot of work ahead which needs 
to be done in order to reach our long term goal which is to achieve a clinically usable tool. I 
have formulated following list of possible region of interests based on my current experience 
in this field: 
1. Finish the validation of the program for determination of collagen fibers orientation as 
described in chapter 7.2.2.1 and use this program for quantitative analysis of collagen 
fibers distribution in the aneurysmal wall 
2. Determine the collagen distribution in the origin of branch arteries as described in 
chapter 7.1.1 and include them as an integral part of FEA of AAA. 
3. Confirm the results obtained by using poroelastic description of ILT by its application 
to the patient-specific geometry. Such study should also investigate the changes of 
pressure under the ILT as it depends on the local curvature. 
4. Perform experimental measurements of mechanical properties of the ILT as a function 
of distance from the luminal layer to avoid misinterpretations due using of general 
terms such as luminal, medial and abluminal layer. 
5. Perform large FEA analysis of some 150AAAs loaded by a mean and elevated 
pressure with including prestresing and residual stresses and try to determine the risky 
AAAs. This should be designed as a double blind study in order to reveal actual 
potential of FEA in order to identify risky AAAs 
 
9 Summary 
As a summary of my three years work I present the following table (see Table 2). The upper 
part compares our capabilities with global state of art in 2009 where i have started my Ph.D. 
As you can see we were significantly behind other groups in both experiments and 
computational models while we kept the pace in using most advanced material models 
available. 
During those three years we have established cooperation with surgeons and histologists 
which gave us access to samples of human aneurysmal and ILT tissues and we gain 
information about structure of tested samples as well. Also this cooperation revealed me the 
branch arteries as a region of interest. Further I have managed to include both prestressing and 
RS into patient-specific geometries of AAA and wrote a macro for definition of principle 
material directions. Regarding of ILT I have managed to routinely include it into FEA, 
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investigated the effect of ILT fissuring on the wall stress in AAA and also investigated the 
effect of poroelasticity on computed wall stress.  
Overall I believe that my work moved the wall stress criterion closer to the clinical use. 
Global State of art in 2009 Department state of art in 2009 
Routine reconstruction of patient-specific 
geometry of AAA 
 One patient-specific geometry of AAA 
reconstructed 
ILT included in FEA of AAA regularly ILT omitted 
Planar biaxial tests of ILT tissue ILT not tested 
Single-phase material models of ILT used ILT omitted 
Prestresing included routinely Prestresing works on one geometry 
RS included in idealized models of AAA RS omitted 
Planar biaxial tests of AAA tissue 
Planar biaxial tests of porcine aortic 
tissue 
Both Anisotropic and isotropic material 
models used of AAA wall  
Both Anisotropic and isotropic material 
models used of AAA wall  
Global State of art in 2012 Department state of art in 2012 
Routine reconstruction of patient-specific 
geometry of AAA 
Routine reconstruction of patient-
specific geometry of AAA 
ILT included in FEA of AAA regularly ILT included in FEA of AAA regularly 
Planar biaxial tests of ILT tissue Planar biaxial tests of ILT tissue 
Poroelastic material models of ILT used Poroelastic material models of ILT used 
Prestresing included routinely Prestresing included routinely 
RS included in idealized models of AAA 
RS included in patient-specific models of 
AAA 
Planar biaxial tests of AAA tissue 
Planar biaxial tests of AAA tissue 
performed within 3 hours from harvesting  
Both Anisotropic and isotropic material 
models used for AAA wall  
Both Anisotropic and isotropic material 
models used for AAA wall  
Branch arteries omitted 
Effect of branch arteries investigated 
including histological analysis 
Collagen distribution in AAA determined by 
PLM 
Collagen distribution in AAA determined 
by built program 
Effect of ILT fissuring omitted Effect of ILT fissuring investigated 
Table 2 Summary of my work in three years. Red lines represents topics where we were behind the others, orange lines 
reffers to topics which we can do with some limitations, green lines highlights topics where our results are comparable to the 
others and blue lines enhances topics where we are superior to others. 
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